A method has been developed to simultaneously invert P-P and P-S pre-stack seismic data to extract estimates of compressional and shear impedance values. This method uses separately processed P-P and P-S data volumes, each consisting of a series of migrated limited-offset data volumes. These offset data volumes for the P-P and P-S datasets are then weighted and summed to form two separate data volumes representing fractional compressional and shear impedance estimates. These data volumes can thus be used correlate anomalous compressional and shear impedance values that can be related to lithology and pore fluid content changes. This method is compared to a stand-alone P-wave weighted stacking method using a 3C-3D dataset. Initial results show the inclusion of the P-S data significantly improves both compressional and shear impedance estimates.
Introduction
A number of authors have demonstrated the utility of combined AVO analyses using P-P, P-S and S-S modes (Garotta and Granger, 1987, Miles and Gassaway, 1989) . In an effort to constrain some of the problems inherent with standard P-P weighted stacking methods, Stewart (1990) developed a joint P-P and P-S weighted stacking technique. This method while maintaining the robustness of the P-wave weighted stacking technique (Smith and Gidlow, 1987) has the benefit of data redundancy provided by the converted wave data. Since changes in R PP are partially controlled by the conversion of P-wave energy into S-wave energy, R PP has a partial dependence on the shear velocity. By contrast, converted wave (P-S) reflectivity is generally more dependant on S-wave velocities (Danbom and Domenico, 1986) . This effect can easily be seen in the Aki and Richards (1980) Zoeppritz equation approximations.
Theory
The Zoeppritz equations fully describe the relationship between incident, reflected and transmitted P and S plane waves on either side of a plane interface. The Zoeppritz equation approximations of Aki and Richards (1980) simplify these equations into a form, linear in fractional elastic parameters, as follows: (1) 
where α, β, ρ are the average P-wave, S-wave and density values across an interface, ∆α, ∆β, ∆ρ are the P-wave, S-wave and density contrasts across an interface, θ is the average of the P-wave angle of reflection and transmission across the interface, and ϕ is the average of the converted wave angle of reflection and transmission across the interface. Equations (1) and (2) are accurate for small relative changes in elastic parameters and small incidence angles (Aki and Richards, 1980) . These equations can be expressed as functions of density, compressional and shear impedance values: where:
Following Smith and Gidlow (1987) we can further define a fractional V P /V S ratio or Pseudo-Poisson's ratio reflectivity as the difference between fractional compressional and shear impedance values.
It can be shown that the fractional density term in equation (3) is small for angles of incidence less than 35 degrees and β/α values between 1.5 and 2.0 (Gidlow et al., 1992) . The fractional density term in equation (4) can be treated in one of two ways. First, it can be neglected which can be considered valid for small incidence angles and β/α values of 0.5, or for near-zero density contrasts. Second, it can be written as:
by differentiating Gardner's relation (Gardner et al., 1974) which relates density and compressional velocity as 1/4(∆α/α)=∆ρ/ρ. Thus equations (3) and (4) can be written as weighted linear functions in ∆I/I and ∆J/J as follows:
Given estimates of R PP and R PS over a range of incidence angles, the least-squares inverse of equations (7) and (8) can thus be obtained (Stewart, 1990 , Larsen et al., 1998 to give:
Where the summation is over all incidence angles (or source-receiver offsets), R PP and R PS represent suitably processed and correlated P-P and P-S seismic data, and a, b, c and d are offset-dependant model-based weights. Notice the similarity of these equations to stand-alone P-wave methods (Smith and Gidlow, 1987; Gidlow et al., 1992; Fatti et al., 1994) .
Examples
This inversion method was tested with data from the Blackfoot 3C-3D survey . The target of most interest in this study is the gas-filled, lower Cretaceous age, upper-Glauconitic, channel interval. Previous P-P AVO studies at Blackfoot have shown a significant P-wave reflectivity anomaly associated with the upper channel (Simin et al., 1996; Dufour et al., 1998) . Data was first flattened relative to an easily identifiable regional seismic horizon just above the channel zone. Following established data processing techniques (Lu and Margrave, 1998) , the P-P and P-S data were formed into 5 limited-offset migrated data volumes. Each limited-offset data volume covers an offset range at the zone of interest (Glauconitic channel). For the purposes of this study, a single pass 3D phase-shift migration was used following stacking of each offset range. The final P-P and P-S offset volumes were trace-equalized prior to output. To restore the average expected AVO behavior, an elastic-wave multioffset synthetic seismogram was created from dipole sonic information. The limited offset data volumes were then scaled to have the same average RMS amplitudes as the synthetic. Next, the offset dependant weights (a, b, c and d in equations 5 and 6) were calculated using a highly smoothed velocity-depth model derived from well 09-08. Finally, 3D volumes representing estimates of ∆I/I and ∆J/J were formed using equations (7) and (8). Results from well log analysis indicates a strong negative compressional impedance (∆I/I) anomaly, and a relatively weak, positive shear impedance (∆J/J) anomaly in the channel zone. Table 1 summarizes the expected estimates of ∆I/I, ∆J/J and ∆σ/σ at the stratigraphic level of figure 1 from blocked wells logs in the area of study and compares these values to those obtained from the inversions.
Both P-P and simultaneous P-P and P-S methods predict the general trend of the Glauconitic sand channel. The P-P method does not adequately predict the extent of the P-wave impedance anomaly between wells 01-08 and 16-08. The shear impedance estimates are generally smaller in magnitude for the simultaneous inversion method, which more closely corresponds to the observed values in table 1. There is however little shear velocity control in the channel trend between wells 01-08 and 16-08.
Conclusions
A simultaneous P-P and P-S weighted stacking inversion method has been implemented and compared to another standard method utilizing only P-P seismic data. Initial results show there is a general improvement using both types of data, events appear more coherent and signal-to-noise appears to have increased. Figure 1: Areal views at the top of the upper Glauconitic channel gas zone. Fractional P-wave impedance estimates for P-P (upper left) and both P-P and P-S data (upper right). Fractional shear impedance estimates for P-P (middle left) and both P-P and P-S (middle right). Pseudo-Poisson's ratio (fractional Vp/Vs ratio) estimates for P-P (lower left) and both P-P and P-S (lower left). Note the general improvement in signal-to-noise using both P-P and P-S seismic data. Black dots indicate producing oil wells along the channel trend. White dots indicate shale plugged or regional wells. The main channel body is oriented roughly north-south and extends from 01-08 to 16-08. The upper channel thins between wells 16-08 and 13-16, with well 12-16 representing a shale plugged channel body. 
